Fluconazole is an azole agent with primarily fungistatic activity in standard in vitro susceptibility tests. The present study was undertaken to develop a diffusion chamber model system in mice in order to study the in vivo effects of prolonged fluconazole treatment on Candida albicans. Chambers containing 100 C. albicans yeast cells were implanted subcutaneously on the flanks of C57BL/6 mice and were then retrieved 6 or 14 weeks later (after fluconazole treatment for 4 or 12 weeks, respectively). Leukocyte counts demonstrated that implantation of the chambers did elicit an inflammatory response but that only small numbers of inflammatory cells were able to enter the chamber interior. Treatment with fluconazole at 10 mg/kg of body weight/day for 12 weeks not only reduced the numbers of viable organisms within the chambers compared to those in untreated mice (mean ؎ standard deviation of log 10 CFU of 0.7 ؎ 1.2 versus 2.3 ؎ 2.0; P < 0.001 by the Bonferroni test) but also increased the numbers of chambers that became sterile over the treatment period (14 of 16 versus 6 of 19; P ‫؍‬ 0.0009 by the chi-square test). However, treatment for only 4 weeks had minimal effects on the numbers of chamber CFU, and none of the chambers became sterile during this period. Distribution of retrieved organisms between interior fluid and the chamber filters was approximately equal in all the treatment groups. This model system appears to be useful for evaluating the effects of antifungal drugs over prolonged periods in vivo. Its use in the present study demonstrates that fluconazole can increase the rate of sterilization of C. albicans foci that are protected from the host's inflammatory response.
Fluconazole is very useful for treating infections caused by
Candida albicans (5, 9) . At concentrations obtainable in vivo, this drug appears to have predominantly fungistatic activity in standard in vitro susceptibility tests using short incubation periods (5, 16, 20, 22, 23, 27) . However, fluconazole has been found to reduce C. albicans viability in vitro when longer incubation periods are used (15, 22, 23) . Chronic fungal infections are often long standing and may be treated for months with azole antifungal agents (6, 8, 14) . Individual organisms in experimental subcutaneous C. albicans abscesses have been shown to proliferate relatively slowly (21) , and it is likely that slow growth may be a characteristic of most chronic fungal infections. Therefore, antifungal agents used clinically may be acting on organisms that are growing slowly or not at all, with the result that individual fungal cells may be exposed to the antifungal drugs for prolonged periods.
Whereas the data from short-term susceptibility tests on antifungal agents do relate fairly well to in vivo effectiveness (1, 10, 27) , certain physicochemical and pharmacokinetic factors may also play a role (27) . It is not clear in the case of fluconazole whether the drug's in vivo effectiveness is related to its fungistatic or fungicidal effects or both together. In fact, in the usual experimental animal systems, it is difficult to tell if fluconazole exerts any fungicidal activity at all or if the drug acts instead by suppressing fungal growth and allowing for final elimination of the infection by the host's own defense mechanisms. Even when immunosuppressive agents are used, experimental infections rarely persist long enough to allow for extended periods of antifungal therapy as are used in human infections.
Host defenses against Candida are very complicated and probably involve a variety of mechanisms. Soluble mediators such as complement components and antibody may play a role, but they probably act by enhancing phagocytosis and killing by phagocytic cells (7) . Since neutrophils and macrophages are critical to the defense against most fungal infections, one way to produce more chronic experimental infections would be to eliminate contact between the infecting organisms and the host's inflammatory response. Implanted chambers containing the organisms could be used for this purpose. A number of such model systems have been used to study microbial pathogenesis for various human pathogens (reviewed in reference 11). The chambers used are of two types, including tissue cages that allow entry of both humoral factors and inflammatory cells (18, 28) or diffusion chambers that permit humoral factors to enter but exclude the inflammatory cells (13, 19) . In the studies described herein, we developed a Millipore diffusion chamber system that, when implanted into mice, protected the enclosed C. albicans cells from the host's inflammatory response and allowed the organisms to remain viable for up to 14 weeks. The purpose of the present study was to determine if fluconazole treatment for these prolonged periods could increase the rate of sterilization of the implanted chambers or if the drug's primarily fungistatic activity would suppress growth within the chambers but permit the inoculum to persist throughout the treatment period.
MATERIALS AND METHODS
Organisms. The isolate of C. albicans used in these studies was no. 26310 from the American Type Culture Collection (Rockville, Md.). The organisms were maintained by repeated subculture on Sabouraud's dextrose agar slants, and before use in the experiments, the fungal cells were scraped from 3-day-old slants and washed three times in normal saline. We have previously tested the sensitivity of this isolate to fluconazole and found the MIC of fluconazole for it to be 0.5 g/ml (21) .
Animals. C57BL/6 mice (obtained from Charles Rivers Laboratories, Wilmington, Mass.) were used in these experiments. The animals used were males, approximately 12 weeks of age; they were housed in the Milwaukee Veterans Administration Medical Center Veterinary Medical Unit, which is fully accredited by the American Association for Accreditation and Assessment of Laboratory Animal Care.
Diffusion chambers. The chambers were fashioned as a modification of standard Millipore diffusion chambers. Plexiglas U-100 tubes, approximately 7.0 mm in outside diameter, were cut into 2.0-mm rings, and their outer edges were sanded smooth. A single hole 0.59 mm in diameter was drilled into the ring to provide access for filling of the chambers with a 27-gauge needle. Sterile 0.22-m-pore-size Millipore filter (MF) discs (Millipore Inc., Bedford, Mass.) cut to approximately 9 mm in diameter were cemented to each side of the ring with nontoxic MF cement from Millipore. This cement provided an impermeable and quick-drying bond that did not damage the integrity of the filters. The filter edges were left overlapping the rings to reduce sharp edges and the possibility of the chambers eroding through the skin. A chamber ring and completed diffusion chamber are shown in Fig. 1 . After assembly, the chambers were ethylene oxide gas sterilized before filling and implantation. On the day of implantation, the chambers were injected with 100 C. albicans yeast cells in sterile saline and the hole was closed with bone wax (Ethicon, Somerville, N.J.).
Chamber implantation. Before the implantation procedure, the mice were anesthetized with sodium pentobarbital injected intraperitoneally in a dose of 50 to 80 mg/kg of body weight. The implantation sites were on the animal's flanks, slightly posterior to the scapulae, with two chambers being implanted into each animal. The skin on the back was shaved and then washed with Betadine solution, followed by sterile water. An incision of approximately 1.0 cm was made through the skin, followed by creation of a flat pocket using a sterile hemostat. After insertion of the chamber, the incision was closed with wound clips.
Chamber harvesting. After appropriate periods the animals were killed by high-dose sodium pentobarbital (100 mg/kg), and the chambers were retrieved for analysis using aseptic technique. Fluid from within the chamber was removed with a 25-gauge needle inserted through one of the end filters. Each filter was then cut out and homogenized in 1.0 ml of sterile saline in a mortar and pestle. The resulting suspensions of chamber contents or filter homogenates were appropriately diluted in distilled water and plated onto Mycosel agar for a determination of the number of CFU present. Numbers for chamber contents and filter homogenates were either pooled to give total numbers of CFU for the chamber or, in some instances, analyzed separately. A complete absence of CFU was required for a chamber to be considered sterile.
Individual experiments consisted of groups of animals (usually three or four, with six to eight chambers) that were implanted and harvested on the same day. Chambers were considered to be from different experiments if they were implanted on different days. Loss of chambers because of erosion through the skin reduced the chamber numbers, especially at the 12-week time point, with the result that some experiments represented only one or two chambers each.
Leukocyte counts. In some cases the chambers were utilized for leukocyte counts. The outside of the chamber and the pocket from which it was removed were gently swabbed with a moistened sterile cotton swab that was then agitated in a tube containing 0.5 ml of sterile saline; the leukocytes present in the saline were then counted microscopically. Interior chamber contents (about 20 l per chamber) were deposited onto glass slides using a cytocentrifuge (Shandon Inc., Pittsburgh, Pa.), stained using Leuko Stat (Fisher Scientific Co., Pittsburgh, Pa.), and examined microscopically. These determinations were made at 3, 7, and 14 days after implantation.
Fluconazole treatment. Fluconazole was administered to the animals in their drinking water (26) . Injectable fluconazole was diluted appropriately so that 4.0 ml (the approximate amount that a 20-g mouse drinks in a day) contained the doses used of either 5.0 or 10.0 mg/kg/day. Some animals were not given fluconazole and served as controls. In preliminary experiments the quantity of water ingested by each group was measured and found to be equivalent. Fluconazole treatments were begun at 14 days after implantation of the chambers to allow for stabilization of organism growth. Treatment with fluconazole was continued until the chambers were harvested.
Statistics. Data were expressed as mean Ϯ standard deviation of log 10 CFU obtained from the chambers or as the number of chambers with any viable organisms isolated over the total number tested. Leukocytes were expressed as the number ϫ 10 6 for cells retrieved from outside the chambers or as the total number of leukocytes counted in 20 l of fluid from within the chambers. Mean numbers of organisms from chambers in treated versus untreated mice were compared using the two-way analysis of variance with the Bonferroni post test for significance of individual comparisons; numbers of chambers with viable organisms over the total tested were compared for treated and untreated animals using the chi-square test. Statistical significance was taken at P Ͻ 0.05.
RESULTS
When the interior contents were removed from inside the chambers, approximately 20 l of clear serous fluid was obtained at all time points tested. Washing of the chamber pocket and outside of the chambers with 1.0 ml of sterile saline yielded whitish, cloudy fluid. Individual counts of leukocytes from within the chambers are shown in Table 1 . When the entire inner fluid contents of the chambers were deposited onto glass slides by cytocentrifugation and counted, very few cells (a FIG. 1. Chamber ring made from 2.0-mm section of plexiglass U-100 rod (7.0-mm outside diameter) and completed chamber with 9-mm discs of 0.22-m-pore-size Millipore filters applied. Scale represents centimeters. range of from 0 to 309 cells per chamber) were found. Of note, there were four chambers at 42 days that showed cellular debris, without intact leukocytes. None of the other chambers showed cellular debris, although this type of material was found in a group of four chambers in which one of the filters was noted to be broken when retrieved (note that results from such visibly broken chambers were not otherwise included in the analyses). The numbers of cells washed from the outside of the chambers and from the chamber pocket were much higher (approximately 1.8 ϫ 10 6 to 5.2 ϫ 10 6 ). Differential counts of these cells from days 3 and 14 revealed them to be 91 and 94% neutrophils, respectively, with the rest being monocyte/macrophages or unidentifiable cells. Therefore, implantation of the chambers did produce a neutrophilic inflammatory response, but the chambers appeared to be fairly effective in excluding these cells from the interior.
Fluconazole treatment of the mice was begun at 2 weeks after chamber implantation and carried out for up to 14 weeks, with two doses used of 5 and 10 mg/kg/day. Figure 2 shows the data for total numbers of CFU (i.e., combined values for chamber contents and filter homogenates) obtained from the chambers at various times after implantation and fluconazole treatment. Note that numbers of CFU were highest at 2 weeks after implantation (before fluconazole treatment was begun) and then declined to the lower values obtained at 14 weeks after implantation (12 weeks of fluconazole treatment in the treated animals). At 12 weeks of fluconazole treatment, the numbers of CFU obtained from chambers in mice treated with 10 mg/ kg/day were significantly reduced compared to those from control mice (log 10 of 0.7 Ϯ 1.2 versus 2.3 Ϯ 2.0, P Ͻ 0.001 by the Bonferroni t test); values for the number of CFU from mice treated with 5 mg/kg/day were reduced but not significantly from those in control mice. During these studies, some chambers were lost when they eroded through the skin. Up to 6 weeks after implantation, retention rates were fairly good (80% for controls and mice treated with 5 mg/kg/day and 100% for mice treated with 10 mg/kg/day); however, at 14 weeks retention rates declined significantly (values of 34, 61, and 52% for the three groups, with a mean of 46% overall).
The chamber cultures were also evaluated for the number found to be sterile compared to the total tested, as shown in Table 2 . Note that, at 6 weeks after implantation (4 weeks of fluconazole treatment), all of the chambers from all three treatment groups were positive for C. albicans growth. However, at 14 weeks after implantation (12 weeks of fluconazole treatment), 14 of 16 chambers from the 10-mg/kg/day treatment group were sterile, versus 12 of 20 for the 5-mg/kg/day group and 6 of 19 in the control group. The numbers of negative cultures were significantly greater in the 10-mg/kg/day treatment group than in the control group according to the chi-square test (P ϭ 0.0009).
The sites of the organisms obtained within the chamber (i.e., inside fluid versus homogenates of the filters) were also quantitated, as shown in Table 3 . Note that, whereas the total numbers of CFU were larger in the control group, the distribution of CFU was approximately equally divided between (6) a Data represent number of chambers with viable organisms isolated over total number tested, obtained from the number of experiments in parentheses; chambers were considered to be from different experiments if they were implanted on different days. Fluconazole sterilization of the chambers at 12 weeks with the 10-mg/kg/day dose was statistically significant by the chi-square test (P ϭ 0.0009). b CFU from filters ϭ mean Ϯ standard deviation of log 10 CFU obtained from homogenates of chamber filters.
c Data are from 6 to 20 chambers (from 4 to 10 experiments) per point; chambers were considered to be from different experiments if they were implanted on different days. Note that none of the individual comparisons for numbers of CFU inside versus numbers of CFU from filters were statistically significant by the two-way analysis of variance with the Bonferroni correction for multiple comparisons.
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DISCUSSION
In the present study we have used a diffusion chamber model system to study the effects of fluconazole on C. albicans in vivo during a relatively long treatment period of 12 weeks. Leukocyte counts from outside and inside the chambers demonstrated that implantation of C. albicans-containing diffusion chambers does elicit an inflammatory response but that most of these cells are not able to enter the chamber. Only 4 of 67 chambers analyzed for leukocytes were found to contain more than 100 such cells, in comparison to much larger numbers of viable C. albicans cells in the chambers (approximately 10 5 at 7 days after implantation). In four chambers, the presence of cellular debris indicated that leukocytes had entered previously but were no longer present in intact form; these were the only intact chambers in which cellular debris was found. From these results it appears unlikely that declines in numbers of viable fungal cells were due to leukocytes within the chambers. On the other hand, soluble host defense factors such as antibodies, complement, or inflammatory cell products could have entered the chambers and perhaps have affected fungal growth or viability. In previous studies we have found that simple injection of C. albicans yeast cells into the subcutaneous tissue on the flank of mice produces self-limited infections that generally clear promptly (1 to 3 weeks) by drainage through the skin, although small numbers of fungal cells may be left behind (24) . In the present model system, the organisms persisted much longer, with most of the chambers in control animals still showing viable organisms at 14 weeks after implantation.
Treatment with fluconazole at 10 mg/kg/day for 12 weeks not only reduced the numbers of viable organisms within the chambers but also increased the numbers of chambers that became sterile over the treatment period. Distribution of retrieved organisms between interior fluid or the chamber filters was approximately equal in all the treatment groups, indicating that adherence to the filters does not protect against fluconazole's effects or prolong viability of the organisms in untreated animals. This model system appears to be useful for studying effects of antifungal drugs on viability of yeast cells over prolonged periods in vivo, although it should be noted that loss of chambers at the longer time point (14 weeks) necessitated setting up larger experiments so as to obtain sufficient numbers of intact chambers for analysis.
Animal chamber models of many types have been developed to study host-parasite interactions for a number of different organisms (11) . For example, the open tissue cage models, where both humoral factors and inflammatory cells from the host are free to enter the chamber, have been used to study the movement of neutrophils into Staphylococcus aureus abscesses (3) and the in vivo virulence of an iron uptake mutant of Neisseria gonorrhoeae (12) . This open type of chamber has also been employed in studies of in vivo antibiotic therapy, both in testing the efficacy of drugs against organisms in the enclosed infections and in testing the entry of antimicrobial agents into these sites (2, 4) . Diffusion chambers impermeable to host cells have also been used to study antibacterial drugs in vivo (13) , and in one study of Sporothrix schenckii in mice, chambers were used with filters that either permitted or excluded host cells to enter the chamber (19) . The major benefit of these chamber infection models over usual experimental infections appears to be ease in sampling fluids for more accurate determinations of microorganism numbers and drug levels in the infected fluids.
Our purpose in developing the C. albicans diffusion chamber model used in the present study was to produce infections that would persist for many weeks to allow for longer periods of fluconazole treatment. Using the chamber system, we found that fluconazole treatment at 10 mg/kg/day significantly increased the numbers of sterilized chambers after 12 weeks, whereas, after 4 weeks of treatment, none of the chambers had been sterilized in any of the treatment groups. Therefore, a long-lasting infection model did appear necessary to demonstrate this effect. It should also be noted that numbers of both organisms and chambers with viable Candida decreased markedly even in untreated animals. It may be that some kind of soluble host defense factors may be controlling growth of the organisms or even killing them or that fungal growth is not optimal within the chamber fluids because of a relative lack of nutrients. Another possibility is that toxic metabolites may accumulate and kill the organisms or inhibit their growth. In any event, loss of fungal cells in the control chambers is probably due to a death rate of the organisms that outstrips their proliferation.
In previous studies of subcutaneous C. albicans abscesses in leukopenic mice (25) , we found that the pseudohyphae grew into dense focal arrays that protected the interior fungal cells from contact with the returning neutrophils when the animals recovered from their leukopenia. In these infections the masses of organisms were cleared by drainage through the overlying skin. The chamber model used in the present studies was somewhat similar to this situation in that its enclosed organisms were also protected from the host's inflammatory cells and that the chambers also could be cleared in some cases by erosion through the skin. However, since the chambers were much likelier to be retained for longer periods, they represented a better model for studying effects of prolonged antifungal treatment. The overall retention rate of the chambers in all three treatment groups at 12 weeks was 46% in this study; since each animal had two implanted chambers, the chances were good that at least one evaluable chamber would be retrieved for each animal used in this study.
Because of its longevity, this chamber model system is useful for studying the possibility that fluconazole may have some fungicidal activity in vivo if used over long enough periods. Indeed, this drug not only decreased the numbers of organisms within the chambers but also appeared to significantly increase the number of chambers that became sterilized during the evaluation period. However, it is not clear if this finding relates to the apparent fungicidal activity previously described for this drug in vitro when prolonged incubations are used. We have previously suggested that fluconazole could eliminate the organisms in chronic fungal infections by continuously preventing the fungal cells from proliferating and generating younger ones that would live longer (23) . Indeed, prolonged fluconazole therapy has proven capable of clearing difficult fungal infections, such as chronic disseminated candidiasis (17) ; it 3178 SOHNLE AND HAHN ANTIMICROB. AGENTS CHEMOTHER.
on September 7, 2017 by guest http://aac.asm.org/ could do so through both its direct toxic effects on the organisms and its ability to prevent the fungal cells from generating younger, longer-lived progeny. In summary, a diffusion chamber system in mice was developed in order to study the ability of prolonged fluconazole treatment to promote sterilization of protected C. albicans infections. This drug did produce an increased rate of sterilization of the chambers if therapy was continued for 12 weeks; at 4 weeks of therapy, none of the chambers had become sterile in either the control or treatment groups. The system used in the present study represents an alternative way of examining the effects of antifungal drugs on fungal cells in vivo. It is possible that certain antifungal agents with primarily fungistatic activity in vitro may reduce the viability of the organisms over long periods through direct toxic effects or by eliminating the generation of younger progeny that have longer life spans.
